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Abstract 

We present a panoramic review of several observational and theoretical aspects of 
the modern astrophysical research about the origin of the Fundamental Plane (FP) 
relation for Early- Type Galaxies (ETGs). The discussion is focused on the problem 
of the tilt and the tightness of the FP, and on the attempts to derive the luminosity 
evolution of ETGs with redshift. Finally, a number of observed features in the FP 
are interpreted from the standpoint of a new theoretical approach based on the 
■ two-component tensor virial theorem. 
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1 INTRODUCTION 

r" ■ 

The long-debated question of how many physical independent parameters can 
be used to describe the overall observational manifold of galaxies, arose ap- 
proxim ately 30 years ago, in particular with a pioneering paper by Broschd 
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Performing a principal component analysis (PCA) on a sample of spi- 



rals with known rotation curves, morphological types, absolute luminosities 
colors and [HI] masses, a surprising result arose, that only 2 in dependent pa- 
ramet ers dominate most of the variance of the related manifold. iBrosche et al 
(1988) proved the possibility to scale all the main integral galaxian prop- 
erties with two parameters, e.g. mass and angular momentum. Since then, 
the multivariate a nalysis on galaxian parameters has been carried out by 



tne multivariate analy sis on g alaxian parameter s nas Deen carried out Dy 
many authors (e.g., Lentesl . fl983l : lEfstathiou and Fall 1984 : Whitmorel . 1984 : 
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Okamura et all 119841 ). substantially confirming the earlier conclusion. An ap- 



plica tion of PCA to early- type galaxies (ETGs) yielded a similar result ( Brosche and Lentesl . 
19831 ). providing additional support to two previously discovered correlations, 
involving residuals from the Faber- Jackson (FJ) relation, oc a 3 (e.g. 



Faber and Jackson . 1976| ). More precisely, the correlations are between (1) 
residu als in total luminosity, Lt, and metallicity index, Mg2 flTerlevich et al. 



1981), and (ii) residuals in centra l pro iected velocity dispersion, a„ , and mean 
effective surface brightness, (fi) e (|de Vaucouleurs and Olson . 1982). 



At that time, the idea that ETGs belong to a family of stellar systems con- 
trolled by a single parameter, where their physical properties scale accord- 
ing to luminosity (mass), was supported by several observational evidences: 
the large degree of homogeneity of galaxy light profiles (well represented by 
the lq de Vaucouleurs law), the uniform color- magnitude diagrams, the exis - 
tence of the FJ relation and of the Kormendy relation fKR. iKormendv . 1977 ). 



(fi) e = 31og(r e ) + const, between the effective radius, r e and (fi) t 



The above simple s c enario started to change when Diorgovski and Davisl ( 1987 ) 



and iDressler et al.l ([19871 ). taking advantage of a large sample of ETGs with 
available photometric and kinematical data, derived simultaneously the obser- 
vational evidence that three physical parameters, a , (/x) e , and r e , are mutually 
correlated and unified in a 2-dimensional manifold, since then called Funda- 
mental Plane (FP). In this framework, both FJ and KR were interpreted as 
projections of the FP along the coordinate axes, which provides a natural 
explanation to the second, mysterious, "hidden parameter" . 



Current astrophysical observations and theoretical speculations have widely 
extended the spectrum of the structural and dynamical parameters that can 
be measured or calculated within galaxies, including both the visible stellar 
(baryonic) component, B, and the invisible dark matter (DM) component, 
D. Despite this large zoo of parameters, it is very surprising that the main 
dimensionality of this manifold remains 2. In other words, the cloud of points in 
the parameter space whose axes are size (mass, luminosity, or radius), density 
(or surface brightness) and temperature (i.e. kinetic energy per unit mass), 
does not populate uniformly the three dimensional space, but is distributed 
approximately along a plane where the scatter maintains small. 

The current paper aims to briefly review the most relevant attempts to explain 
the origin of the FP for ETGs. The mere existence of the FP does indeed indi- 
cate that structural properties in ETGs span a narrow range, suggesting some 
self-regulating mechanism must be at work during formation and evolution. 
The most relevant observational features of the FP are the tilt with respect to 
what is expected from one-component scalar virial theorem and homology (see 
section 2), and a small thickness called tightness (see section 3). According 
to observations, the scatter around the FP is very low, and the position of a 



2 



galaxy above or below the plane is independent of galaxy flattening, isophotal 
twisting, velocity anisotropy, and details of radial light distribution. The small 
thickness corresponds to abo ut 12% uncertainty in r e , implying the FP is a 
good distance indicator (e.g., Blakeslee et al. . 2002h . 



The paper is organized as follows. In section 2 we review the most relevant 
works that in the last years provided new data for the FP at different wave- 
lengths, redshifts and environments. Special effort is devoted to both the KR 
and the K-space. The latter m akes a very in t erestin g and debated represen- 
tation of the FP, built up by iBender et all (|l992h using a different set of 



orthogonal variables. In section 3 we summarize the most important theoreti- 
cal attempts devoted to explain the origin of both the tilt and the tightness of 
the FP. We will address, in particular, the role of anisotropy and rotation in 
the stellar velocity distribution, the weak deviation of stellar systems from ho- 
mology, the role of Initial Mass Function (IMF), the role of DM, and the most 
relevant aspects of a new theoretical approach which uses the two-component 
tensor virial theorem for interpreting some of the observed features of the FP. 
The conclusions are drawn in section 4. 



2 The observed properties of the FP 



The most diffuse representation of the FP writes: 



log(r e ) = A ■ log(a ) + B ■ log((/) e ) + C ; (1) 

where A, B and C, are constant coefficients (for each wavelength filter band- 
pass) derived by means of a multiple regression fit of the effective radius, r e 
(encircling half the total luminosity), the central projected velocity dispersion, 
a , and the average effective surface brightness in flux units, (I)e 1 ■ In table 
1 we have listed the values of A and B found in several works appeared in 
literature. 

The remarkable fact is a substantial variation of A in the various filter band- 
passes, as opposed to an almost constant value of B. The wavelength depen- 
dence of A is also clearly visible in Fig. 1, which shows the distribution of 
about ~ 90 00 ETGs extracted from the first release of the SLOAN digital sky 
survey (see iBernardi et "all l2003bl h The values of A and B do not agree with 



what is expected from one-component scalar virial theorem and homology, 
which makes the well known problem of the tilt of the FP. 



1 The exact definition of these parameters is not always univocal in the astronomical 
literature but is not discussed here. The reader may look at many of the papers cited 
in the references. 
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Table 1 

Several observational data on the coefficients, A and B, in different passbands taken 
from many authors. 

For a virialized one-component stellar system, the scalar virial theorem reads: 



= \° ) ; (2) 

Kg 

where M is the mass, R g the gravitational radius 2 , (a 2 ) the mean square 
velocity dispersion of the stellar system, and G the gravitational constant. If 
ETGs make an homologous family (i.e. they have the same mass distribution 
and the same kinematics) the following relationships between theoretical and 
observational quantities can be assumed: 



2 This definition appears ambiguous, as it is often used for the Schwartzschild 
radius R g = GM/c 2 . A better definition appears to be the following. Given a bound 
matter distribution with total mass, M, and gravitational potential energy, Q, the 
isothermal radius, is the radius of a truncated isothermal sphere with equal mass 
and gravitational potential energy, Ri = —GM 2 j£l. 
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Fig. 1. The FP in 4 filter bandpasses for a sample of ~ 9000 ET Gs of the SLOAN 
digital sky survey (for further details see, iBernardi et"afl l2003bh . 



Accordingly, M = C2cr^r e , where the parameter, c 2 = (Gknkv)~ l , maintains 
the same value for all the members of the whole family. Furthermore, if the 
total luminosity reads L = ci(I) e r^, where the parameter, c\, maintains the 
same value for all the members of the whole family, the M/L ratio can be 
expressed as: 



M ajr e c 2 
L ~ (I) e r 2 eCl 



(4) 



which is equivalent to: 
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r. = ^(^) ^(l)- 1 . (5) 

With regard to the assumption of both homology and constant M/L, Eqs. (1) 
and (5) imply A = 2 and B = — 1. 

On the other hand, significantly smaller values of A and B are deduced from 
Tab.l, in contradiction with previous predictions. 



2. 1 The wavelength dependence of the FP 



Early works on the FP argued that the deviation of the slope from model 
predictions is due to a weak systematic variation of the Mj L ratio of galaxies 
with their luminosity (or mass). It is a stellar population effect, either in age, 
metallicity or IMF that has a distin ctive signature in the variation of the FP 



slope with wavelength. According to lPahre et al.l ()1998bl ) the slope, A, of the 



FP relation in Eq.(l), increases systematically with wavelength from U band 
to K band. 

An inspection of Tab.l shows that effective radii in the Near-IR are always 
smaller than in the optical band, the difference in the FP slope, Aim-K) , being 
approximately 0.5. This result is quite robust (even if the dependence of the FP 
slope on wavelength is quite small), since it comes from a direct comparison of 
same galaxies observed in different color bands. The FP slope is obtained either 
by means of a direct comparison of the fits, either by comparing the more stable 
quantity log(r e ) — B' • (/x) e , where B = —2.55' due to (/i) e = — 2.5 log (/} e . 

The above variation is commonly interpreted in terms of systematic differences 
in the stellar content along the sequence of ETGs. Color gradients resulting 
from metallicity gradients may be at the origin of this behavior, but unfortu- 
nately current models of star formation (SF) and evolution cannot help enough 
to this respect. 

A similar dep endence of the FP slope parameter, A, on wavelength has been 



confirmed by IScodeggio et al.l (|1998a[ ) . Both groups observe t hat the B' pa- 



ramet er is very stable with wavelength and eq ual to about 0.3 2. Huds on et ah 
( 19971) find B' = 0.326 ± 0.011 in R c , while LlOrgensen et all (|l99fih report 



B' = 0.328 ± 0.008 in Gunn-r. The wavelength dependence of A has been 
also confirmed by the a nalysis of the data of the SLOAN digital sky survey 
( Bernardi etHI . BOOSbh . 



The above results show that the FP slope is inconsistent with predictions at all 
wavelengths. The deviation of the Near-IR FP slope from these expectations 
(virial theorem + homology + constant Mj L) implies that at least one among 
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the assumptions has to be dismissed. More specifically, either the Mj L varies 
from galaxy to galaxy along the FP sequence, or ETGs do not belong to a 
homologous family 

The advantage of considering the Near-IR band lies in a small dependence on 
metallicity effects, and th en little influence fr om age-met allicity degeneracy. 
The modeling proposed by Pahre et al. ( 1998fJ ) predicts an age and metallicity 
variation along the ETGs sequence, assigning larger age and lower metallicity 
to more luminous galaxies and vice versa. The above fin ding seems to be i n 
contradiction with the theory of hierarchical merging (e.g., Kauffmann . 1996), 
in which present-day galaxies result from successive merging of small units. 



The lack of correlation between the residuals of the Near-IR FP with those 
of the M<72 — CTo relation indicates, that the tightness of th e FP cannot be 



ascribed only to age or metallicity effects ( Pahre et al. . 1999fh 



Both the age-met allicity mode l of IWorthev et al. (1995) and the dynamical 



model of ICapelato et al 



(1995). based on the deviation from homology in the 
velocity distribution of ETGs, cannot explain the variation of FP slope with 
wavelength. 



2.2 The FP at high redshift 



The FP relation, together with the Tully-Fisher relation and the FJ relation, 
have often been used to constrain the mass evolution of galaxies at increasing 
redshift. The small scatter of the above mentioned relations implies a small 
spread in age, approximately of 20-30%, and makes them very useful for evo- 
lutionary effect analysis. 

Studies on evolutionary effects are possible thanks to the high efficiency of 
the Hubble Space Telescope and the high spectral resolution of big ground 
based telescopes. The above mentioned investigations aim to discriminate be- 
tween two traditional galaxy form ation and evolution scenarios, namely (i) 
the monolithic collapse model (e.g., Eggen et al. . 1962t Searle et al. . 1973| ). in 
which galaxies form at very early epochs from the collapse of a protogalactic 
gas cloud, implying little evolution of the mass function after z ~ 3, and (ii) 
the hierarchical model in which galaxies continuously form i n mergers and the 
mass function changes in the redshift range, < z < 2 (e.g., Kauffmann et all 
1993). It may safely be expected that inner and denser regions of proto-galaxies 
underwent something like a monolithic collapse, while outer and less dense re- 
gions were accreted via hierarchical clustering. 



By exploiting the FP, van Dokkum and Franx ( 1996| ) derived the evolution of 
the M/L ratio from Coma (z = 0.023) to the cluster CL0024 (z = 0.39). Their 
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data suggest a decrease of 31 ± 12% in M/L as z increases. A similar trend is 
expected for the evolution of stellar populations. The luminosity of a stellar 
population with fixed mass, is expected to change in time as: 



L oc l/(t — tfo 



(6) 



where tf or m is the formation epoch. To the first order, k — 1.3 — 0.3x, where 
x i s the IMF slope , but k depend s also o n wavelength and metallicity. Models 
by iBuzzoni (1989) and IWorthevI (|l994l ) produce k = 0.6 and k = 0.95 in V 
band, for various IMF and metallicities. As a result of Mj L evolution, the zero 
point of the FP is expected to change, and if the variation in M/L depends 
on M, the coefficients of the FP must also change. The evolution of M/L as 
a function of redshift, can be expressed as: 



]n—(z)=]n—(0)-k(l + qo + z£ m )z ; (7) 

where Zf orm is the formation epoch of the stellar population, and go is the 
cosmological deceleration parameter. In general, the M/L ratio decreases with 
redshift as the luminosity increases. 

If galaxies evolve passively, i.e. without merging or accretion, then the product, 
a® A9 r®' 22 , should remain constant and only the M/L ratio will evolve in time. 
A great accuracy is therefore required in determining the tilt of the FP at 
large z. Unfortunately, the small sample of galaxies generally observed at high 
redshift (typically around 10 objects) does not permit a rigorous comparison 
between FP coefficients at low and high z. This is why the sample does not 
include galaxies of low masses, at high z. The difference in the mean mass of 
galaxy samples results in a strong correlation between the zero point offsets 
and the tilt values of the FP. 



A further effect is that the luminosity function of ETGs does not necessarily 
evolve in the same way as the M/L ratio. If dissipationless merging occurs 
frequently, the luminosity of the final product is affected in a stronger way 
with respect to the M/L ratio. For a correct interpretation of the luminosity 
function, it is essential to measure M and M/L independently. Total masses 
are notoriously difficult to measure, as scaling relations are used to constrain 
the evolution of M/L. 



Another possible bias has been pointed out by iFranx (1995): the fraction of 



ETGs in clusters may evolve with redshift. Accordingly the set of ETGs at low 
redshift may be different from the set observed at high z. Some of the present- 
day ellipticals may in fact be spirals at large z. A measure of the morphological 
evolution would be required to take into account the above mentioned effect. 
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The determination of the luminosity evolution, k, is probably the most im- 
portant difficulty Its dependence on IMF is a serious problem, since the IMF 
of ETGs is not well determined yet. The color evolution of galaxies is also 
linked to bo th IMF and k. For a steep IMF k is small, but the color evolution 
is rapid (see lTinslevl . ll98oh . 



Finally, another fundamental assumption has been made, namely a cluster at 
high z will evolve in the cluster at low z used for the comparison. In this view, 
a cluster observed at higher z has to resemble as much as possible the real 
progenitor of the comparison cluster observed at lower z. The richness class 
may play a role in determining the properties of the FP. 

In general, the data acquired by several authors in the field of research dis- 
cussed above, seem to confirm that massive ellipticals existed at high redshifts 
and were very similar to present-day objects in nearby clusters. A passive 
galaxy evolution is very consistent with observations. 

The methodology under consider ation has been extended up to z — 1.27 by 
van Dokkum and Stanford! (|2003h . The results are again consistent with the 



passive luminosity evolution. For galaxies with masses greater than 1O 11 M , 
the following trend results: ln(M/L^) oc (—1.96 ± 0.09)z, corresponding to a 
passive evolution of —1.50 ± 0.13 mag at z = 1.3. The formation redshift was 
found to be 2.6^0^, with regard to a model cosmology where Vt m = 0.3 and 
f^A = 0.7, ignoring selection effects. Again unfortunately, this result is based 
on a sample of only 3 galaxies. 

Massive cluster ETGs appear to have a large fraction of stars that formed 
early in the history of the universe. It is worth noticing that the scatter in the 
derived Mj L values is large and confirmed by the spread in galaxy colors. 

The evolution of M/L ra tios of ETGs has also be e n der i ved for rich c l usters 
at 0.02 < z < 0.83 (e.g., Ivan Dokkum and Franxl . Il99fil : iKelson et all Il997 : 



Bender et all Il998l). and in the gener al field out to z ~ 0.7 (e.g., Treu et al 
1999, 2001( Ivan Dokkum et all 120011 ) Cluster data show a gradual increase 
of the mean M/L ratio by a factor of ~ 3 since z = 0.83. The results are still 
not definitive but indicate that field galaxies have similar M/L with respect 
to their counterparts in clusters. Field ETGs defi ne a tight FP out to z ~ 0.4, 
with similar scatter as in the local sample (e.g., Treu et all l200ll ). However, 



the range of the parameters measured in field ETGs is not sufficiently extended 
to derive the FP slope. The measured offset changes with redshift and seems 
to be consistent with the passive evolution of a stellar population, formed in 
a single burst at z > 2. The effective M/L ratio varies as d\og(M/L B )/dz = 
— 0.72tai6> a little bit faster than observed in clusters (—0.49 ± 0.05). 

The study of the FP for field ETGs can also be important to check the predic- 
tions of the hierarchical formation model, since the stellar population of field 
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galaxies is expected to be significantly younger than in clusters. 



2.3 The FP and the environment 



Several authors have tried to measure systematic dif ferences in the FP built 



with ETGs populating different clustering scales ( e .g..lDe Carva lho and Dioreovski 



992; lOuzmiTn et all . Il992t IZepf and Whitmorel . Il993l i. IZepf an d Whitmorel 



f 19931 ) first measured the FP for ETGs in compact groups (CGs), deriving 
tentative evidences of systematic differences. They interpreted the differences 
as due to lower velocity dispersion of ETGs in CGs. The above conclusion 
would imply that the galactic environment may play an important role in the 
process of galaxy formation and evolutio n. The question has been re-examined 
more recently bv lde la Rosa et alJ ((20011 ) . who did not find any significant dif- 
ference, as far as the FP is concerned, between ETGs in CGs and in other 
environments. 



The above result adds to earlier findings ([Pahre et all Il998allbf ) where no 
difference was found between ETGs in clusters and in t he field as far as t he FP 
is concerned. A similar conclusion has been reached bv lKochanek et al. (2000) 
from the analysis of gravitational lens ETGs in low-density environments. The 
above mentioned galaxies lie on the same FP of galaxies in clusters at similar 
redshifts. 



The high-^ formation epoch and the lack of significant differences between 
field and cluster environment, seems to contradict the hierarchical clustering 
scenario. The homogeneity observed in the properties of the FP appears to be 
poorly correlated with the characteristics of the galaxy environment, implying 
a strong constraint on the age of galaxies in the environments under discussion. 



On the other hand, the results of the SLOAN digital sky survey (jBernardi et al. . 
2003B), seem to indicate that the FP of galaxies belonging to dense regions 
is slightly different from its counterparts belonging to less dense regions. Of 
course, the large range of environments covered by the SDSS provides a strong 
weight to this result. The residuals from the FP at different redshifts show a 
weak correlation with the local density. Luminosities, sizes and velocity dis- 
persions of ETGs increase slightly as the local density increases, while average 
surface brightnesses decrease. 



Along this vein, by dividing the galaxies belonging to groups into three sub- 
samples according to their parent X-ray luminosity, iKhosroshahi et al.l ( 2004 ) 
found that larger and more luminous galaxies belong preferentially to lumi- 
nous groups. 



It also seems that the photometric, structural and dynamical properties of 
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ETGs hosting a black-hole in their center, are substanti ally indistinguishable 



from their counte rparts with no sign of activity (e.g., Falomo et al. . 2003; 



Barth et al. , 2003j ) . BL Lac an d radio galaxies are also found on the same FP 



of cluster ETGs bv lWoo et al.1 1)20041 ) . 



2.4 The Kormendy Relation (KR) 



The KR projection of the FP in the (/x) e -log(r e ) plane is discussed here, since 
it has been often used for determining the luminosity evolution of ETGs. In 
addition, it has been found useful information on physical mechanisms involved 
in galaxy merging and accretions, otherwise undetected within the framewor k 



of the classical edge-on view of the FP correlation (e.g., iNipoti et all [2003) . 
Many studies have confirmed that luminous ETGs in clusters approximately 
follow the relation, (fi) e = a^logr e + const, found by K ormendy, with a 
slope, a,KR ~ 3, and an intrinsic scatter, 0.3 -j- 0.4. However, ICapaccioli et al. 
( 1992) found that once the (/z) e Tog(r e ) plane is extended to objects fainter 



than Mb — —19, it appears divided in two families, named "ordinary" and 
"bright" . They suggested that the origin of such a dicho tomy may be related to 
mecha nisms of formation and evolution. More recently, iGraham and Guzman 
(2003) claimed that the dichotomy between dwarf and giant ellipticals may 
be only an artifact, in consequence of using (i) the de Vaucouleurs' law to 
fit the galaxy profiles instead of the Sersic law, and (ii) the effective surface 
brightness parameter, (/i) e instead of the central surface brightness, \i a . 

The KR for "bright" ETGs is considered today as a useful tool to test their 
luminosity evolution. In particular, the (/i) e -log(r e ) data for galaxies in clus- 
ters at increasing redshift have been claimed t o be consistent with a passiveh 
evolv i ng stellar population (e.g., Bower et al. L 199/ [ lAragqn-Salamanca et all 



19931: iBender et alll l996: Ivan Dokkum and Franxl. 



199C 



Kelson et al 



Jprgensen and Hiorth. Il997t IZiegler and Benderl . ... . . . . _ 

van Dokkum et allll998| ). On the other hand, some studies have also claimed 
that the data are consistent w i th the hierarchica l evolutionary scenario (e.g., 
Kauffmann and Chariot . 19931 : Kauffmann , 1996f ). Working with a large sam- 
ple of ETGs in three clusters at different redshifts, La Barbera et al.ff|2003h 
concluded that the slope of the (/i) e -log(r e ) relation is almost invariant up to 
z ~ 0.64 {a KR ~ 2.91 ±0.08). 

Altogether, the above mentioned results seem to imply that the mechanisms 
driving the evolution of galaxies in clusters do not significantly affect the dis- 
tribution of galaxies in the (//) e -log(r e ) parameter space. The homogeneity 
and the invariance with redshift of the distributions under discussion, is also 



1997; Bender et al 



199£ 



suggested by the analysis of the SLOAN data (B ernardi et all l2003af ). Unfor- 
tunately, the knowledge of the luminosity evolution of ETGs implies accurate 
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and homogeneous determinations of the coefficients (zero point and slope) of 
the FP and the KR, both for local and i ntermediate /high- redshift clusters. 
Concerning the latter, IZieeler et al. (1999) showed that the zero point of the 



KR has a scatter of the same order as the luminosity correction required from 
stellar synthesis evolutionary models, which makes hard to draw any firm 
conclusion about the model to be preferred. 

The present ambiguity is originated by different aspects of the FP and 
(//) e -log(r e ) relations, which need to be clarified. 

• The use of scaling relations to determine cosmological parameters and lu- 
minosity evol ution of ETGs, is hampered by the problem of the metric of 
the Universe. Moles et al. ( 1998f ) pointed out that the transformation from 



angular radii to metric sizes depends on the assumed world model. In conse- 
quence, luminosity evolution and purely geometrical effects are intrinsically 
mixed. 

• The structural parameters of ETGs, (/x) e and r e , are generally derived in 
different wavebands adopting different techniques (e.g. measuring r e from 
the circular or elliptical aperture growth light-curves, adopting a r 1//n or lq 
fit to luminosity profiles, and using different de-convolution techniques to 
take into account the effect of the seeing). 

• In principle, to get consistent and unbiased values of the coefficients of 
both relationships, one should handle galaxy samples complete either in 
luminosity (down to a given limiting absolute magnitude) and cluster area 
coverage. 

• Nobody considers the eventuality that an intrinsic scatter of the KR and 
FP coefficients could exist even among low-redshift clusters, possibly due to 
different cluster properties (richness, concentration, sub-clustering, galaxy 
luminosity function, etc.) and evolution histories. 

In order to clarify the current state-of-the-art of the KR relation, we plot in 
Fig. 2 the KR plane, extracted from a sample of 735 ETGs belonging to 20 
nearby clusters. The whole data set consists of 269 ellipticals, 347 SO's, an d 
119 E/SO's extract ed from ICaon et all (|l990l Il994h : l.largensen etaD (|l99fih : 



Fasano et al.l ((2002) . The bottom panel shows the distribution of different data 



samples. The solid line is related to fixed absolute magnitude, M r = —20, in 
the KR plane. The progressive absence of galaxies in the lower-left region of 
Fig. 2, reflects the magnitude limits of the samples. On the other hand, the 
lack of galaxies in the upper-right region of the plot, is telling us something 
about the physics of galaxies. This region of total avoidance is delimited by a 
line of equation, (/x) e = 2.71 log(r e ) + 17.3 (derived empirically as the linear 
upper envelope, minimizing the average distance of galaxies from the line 
itself). This is the "Line of Avoidance" (hereafter LOA), an analogous of the 
"Zone of Exclusion" (hereafter ZOE) described bv iBender et all (|l992h . who 
first recognized this feature in the Ki~k 2 projection of the K-space (see section 
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(2002) 



Fig. 2. Bottom panel: the d i stribution o f ETGs from samp l es bylFasano et al. 
(asterisks) and ICaon et aL ( 1990l . 1993) ; lj0rgensen et al. ( 19961 ) (circles). The solid 
line marks the locus of galaxies with equal luminosity, M r = —20 mag. The dashed 
line represent the LOA (see text). Middle panel: the KR (dotted line) for the bright 
sample of galaxies (filled circles). Top panel: the KR plane for different morpholog- 
ical types. 



2.6). 

In the middle panel, we note that (i) the region occupied by the bright ETGs 
in the KR plane has a conic shape, and (ii) an ideal bisector line sharing in two 
parts the above mentioned region, is very close to the fit of the KR relation 
(dotted line). One can speculate that the KR may simply arise in consequence 
of two selection effects: one, due to the fact that no galaxy can live in the 
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"Zone of Avoidance" , and one other, due to the selection of galaxies according 
to their luminosities (the slope of the line of constant luminosity is indeed 
steeper than the LOA). 

It is also important to stress that the slope of the LOA is close to that of 
constant central velocity dispersion, <j Q . This leads to suspect that the physical 
meaning of the LOA is essentially related to the existence of an upper limit 
to the allowed velocity dispersion of ETGs. The occurrence of a maximum o~ 
may in fact depend on the environment wherein galaxies have been assembled, 
and/or on the average temperature and density of the Universe at the epoch of 
formation. Alternatively, one can hypothesize that the LOA is a fully invariant 
feature of the KR plane, reflecting some universal law of physical equilibrium. 

It is obvious that investigations aimed at clarifying whether the parameters 
of the LOA depend or not (and, if it is the case, how do they depend) on 
both the environment (field/cluster, global cluster properties) and the redshift, 
would be of great interest in order to understand the processes involved in the 
formation and evolution of ETGs. It will be soon possible thanks to the efforts 
of WINGS (Wide-fi eld Imaging of Nearby Galaxy cluster Sample) survey by 
Fasano et all (|2005h . 



2.5 The Photometric Plane 



During the last decade, it has been proved that the light distribution of ETGs 



very c losely follows the generalized de Vaucouleurs' law proposed by iSersic 
(1968). Accordingly, the radial luminosity profile of a galaxy reads: 



J(r)=J(0)exp[-& n (r/r e ) 1/n ] ; (8) 

where 1(0) is the central intensity, r e the effective radius, and b n is a function 
of the shape parameter, n, chosen to scale the radius, r e , to enclose half of 
the total luminosity. An equivalent expression is Lj- = ki,(I) e r1, where the 
parameter k L = 2iin(e bn /b'^ l )T(2n), depends on the shape of galaxy light 
distribution. The shape parameter, n, is related to both the curvature of light 
profiles and to the degree of concentration of luminous matter in ETGs and 
spiral bulges. The concentration index is, in fact, an additional important 
parameter to be used in characterizing galaxian structures. 



With regard to ETGs, ICaon et al. found a correlation between the 



Sersic index, n, and the logarithm of the effective radius, r e , and between 
n and the tot al galaxy lumin o sity. A correlation betwee n n and a was also 
been found by Graham ( 2001 ). Khosroshahi et al. f 2000h showed that a tight 



correlation exists in the Sersic parameter space defined by the set of coor- 
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dinates, [logr e , // , log v{= 1/n)], with regard to 42 Coma ellipticals and 26 
spiral bulges in the Near-IR band. The result is: 

(0.173 ± 0.025) logr e - (0.069 ± 0.007)/i o = - logu - (1.18 ± 0.05) ; (9) 



which makes the so called P hotometric Fundam e ntal Plane (PF P). Working 
with the B-band data set of Caon et al. ( 1994 ). Graham ([2002j ) obtained a 
similar relation: 



logr e oc (0.86 ± 0.13) logn - (1.42 ± 0.22)(/x) e ; 



(10) 



which shows a scatter in log(r e ) of 38 -j- 48% per galaxy. Though the PFP 
has the advantage of avoiding velocity dispersion measurements, still some 
uncertainties remain with regard to high redshift galaxies, due to difficulties 
in determining the value of n when spatial resolution decreases. 

A theoretic al interpretation o f the PFP and related sc a ling l a ws ha s been 
tempted by iLima Neto et al.1 (|l999h and iMarauez etaD (|2000L 1200 lh . After 
a violent relaxation phase, an elliptical galaxy is assumed to reach a stage 
in which the entropy of the star fluid is quasi-stationary. The location of E 
galaxies in the Sersic space can be related to the intersection of two particular 
surfaces: one, of constant specific entropy (which weakly depends on mass), 
and one other, of constant galaxy potential energy. The related intersection 
is defined as the Entropy- Energy line. The consequence is that all galaxies 
have roughly the same specific entropy, obey the same energy-mass relation, 
and the Sersic law. From the photometric point of view, E galaxies appear as 
a one-parameter family, described e.g. by z/, which is small for giant objects 
and large for dwarf objects. Some further comments on this approach will be 
considered in section 3.5. 



2.6 The K-space 



Bender et al. (1992) introduced a new orthogonal coordinate system known 
as the K-space, defined by the following independent variables: 



Kl = (log ai + log r e )/V2 ~ log M ; 



k 2 = (log a 2 + 2 log (7) e - log r e )/y/6 ~ log ( ^-(I) f 



M 



K 3 = (log al - log (J) e - log r e )/ V3 ~ log 



M 



(11) 



which relate to galaxian total mass, M, average effective surface brightness, 
(J) e , and mass to light ratio, M/L, respectively. 
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Fig. 3. The K-space representation for ~ 9000 galaxies fro m the SLOAN survey in 
the g* band (for further details see Bernardi et all 2003bh . The dashed line is the 
Zone of Exclusion (ZOE), expressed as K\ + K2 = 8. 

The above mentioned parametrization of the FP is useful for a number of 
reasons, namely (i) /t-variables are expressed only in terms of observables, 
independent of specific models or assumptions; (ii) the Ki~k 3 plane represents 
an edge-on view of the FP and provides a direct view of the tilt; and (iii) the 
«i-«2 plane almost represents a face-on view of the FP. 



The SLOAN g* band data in the K-space are shown in Fig. 3. The most im- 
portant features are the tilt, the tightness, i.e. the nearly constant and very 
small dispersion of K3 at every location on the FP, and the ZOE, which acts 
as an upper limit on the location of galaxies on the K4-/C2 plane. 



The K-space parametrization has been strongly criticized bv lPahre et al.l (|1998a| ) 
They first argued that the variable, K\, attains different values for different 
wavelengths via the dependence on the effective radius, r e , which implies dif- 
ferent masses for different wavelengths, contrary to what is expected. A second 
problem comes from the observat ion, that lowest lum inosity ellipticals do not 
show detectable color gradients ( Peletier et al. . 1990) suggesting there could 
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be a dependence of color gradients on luminosity (and hence on mass). Ac- 
cordingly, both K\ and k 3 show a dependence on wavelength. 



Despite the above mentioned criticism must be taken into consideration, we 
recognize that the K-space is very useful for testing predictions of galaxy for- 
mation and evolutionary models. In fact, assuming that only small deviations 
from homology are possible (e.g. in ETGs), the K-space has the advantage 
that the processes involved in galaxy formation and evolution, can directly be 
tested by observing t he shi ft of galaxy points in the related frame. For example, 
Chiosi and Carrarol (|2002h tested their iV-body-tree-SPH model simulations of 



elliptical galaxies by comparison between model and observed galaxy distribu- 
tion in the K-space. They found that model galaxies with different SF history, 
from small to large ellipticals (producing different mean ages for the bulk of 
stellar population), are in quite good agreement with observations. 



3 The tilt of the FP 



Let us summarize different inv estigations aimed to e xplain the FP tilt. In the 
B-band K-space representation. iBurstein et al. (1997) have given the following 



relation for the tilt (updated results are shown in Fig. 3, top panel): 

k 3 = 0.15 Ki + 0.36 =^ M/L oc M at ; a t ~ 0.2 . (12) 



The reasons of the deviation from model predictions discussed above, are not 
yet well established, although several explanations have been proposed in the 
recent past. 



3. 1 The role of anisotropy 



The effects of radial orbital a nisotropy in the ve locity distribution of ETGs 
has been discussed in detail by Nipoti et al. (2002). According to their results, 



anisotropy contribution is only marginal. Given an isotropic galaxy model 
lying on the FP, its counterparts where radial orbital anisotropy is sufficiently 
high, are found to move away. But, at the same time, instabilities set on, and 
the related end-products fall back again on the FP. 

In the conclusions of the authors, a systematic increase of radial orbital aniso- 
tropy with galaxy luminosity cannot explain, by itself, the whole tilt of the FP. 
The above result has been obtained using iV-Body simulations together with 
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spherically symmetric, both one-component 7 models, and two-component 
(71572) models. Accordingly, the density profiles obey the law: 



Po 



f(0 



Cnorm 



r 
r 



< 7 < 3 



(13) 



where C nor m is a normalization constant. The models under discussion depend 
on five parameters, namely a scaling radius, ro, a scaling density, po (or the 
total mass, M), the stability parameter, s a = r a /ro, i.e. the ratio of aniso- 
tropy radius 3 to scaling radius for B component, the mass ratio of D to B 
component, m = M^/Mb, the ratio of D to B component scaling radius, 
P = (r ) D /(r ) B . 

Taking into consideration the tilt expressed by Eq.(12), under the assumption 
that present-day ETGs are homologous and virialized systems, the following 
relation holds: 



GLT„ 



(14) 



where T* = M*/L is the stellar M/L ratio and Ky is a dimensionless factor de- 
pending on the stellar density profile, the internal kinematics, the DM amount, 
and the distribution and rel ative orientation of t he ga laxy with respect to the 



observer's line of sight (see ICiotti and Lanzon i. 1997 ). In terms of mass an d 



luminosity, Eq. (14) may be cast under the form ((Ciotti and Lanzoni . 1997 ): 



T 
~K 



~ 1.12 • L 



0.23 



V 



(15) 



It is apparent that the trend of Mj L with luminosity depends on the properties 
of the parameter, Ky. Given a set of 7-models which differ only in the value 
of the stability parameter, s a , a threshold, s as , is found to exist, below which 
{s a < s as ) initial configurations evolve towards radial instability. Accordingly, 
the initial configuration related to the threshold value, virializes at a maximum 
distance from the FP via the Ky-s a dependence. Initial configurations below 
the threshold can attain larger distances from the FP, but move back to the 
FP after virialization following radial instability. 



3 The anisotropy radius, r a , is very important as the velocity dispersion tensor is 
mainly radially anisotropic at sufficiently large distances (r 3> r a ), nearly isotropic 
at sufficiently small distances (r <C r a ), and perfectly isotropic at the center (r — ► 0). 
Accordingly, the velocity dispersion t ensor tends to b e globally isotropic in the limit , 
+00 - For fu rther details, see lOsipkov (|l97flh : iMerritl jl98fj ): ICiottil ^99); 



Nipoti et al.1 J2002). 



18 



With regard to one-component models, iNiooti et all (|2002h obtained that the 



end-products, with radial unstable initial conditions, are strongly asymmetric, 
and their representative points in the K-space span a range of values which 
depend on the line of sight orientation. Further analysis shows that, owing 
to the above mentioned effect, not only the FP tightness is nicely related to 
stability, but the FP -by itself - acts as an "attractor" for the end-products of 
unstable systems, provided initial configurations are placed therein. 

With regard to two-component models, a less flattened final stellar distribu- 
tion has been found especially with massive DM halos. In particular, there is 
evidence that two-component models with light halos have a similar behavior 
with respect to one-component models, but massive DM halos tend to prevent 
the end-products of unstable models to fall back on the FP, the effect being 
larger for more concentrated halos. 

One can now examine whether Eq.(15) can be satisfied with a systematic vari- 
ation of Ky resulting from an underlying correlation of the stability parameter 
as a function of galaxy luminosity, s a = s a (L), model structure, and T*. 

The FP tilt over the whole observed range (Ak\ ~ 3 and A^3 ~ 0.4, see 
Fig. 3) cannot be reproduced in dealing with one-component models. In fact, 
independently of the value of 7, the allowed variations in Ky correspond to 
Ak 3 < 0.04, much smaller than the observed range. If unstable (but consistent) 
models are also taken into account, the Ky range increases up to allow Ak 3 < 
0.2, which is yet significantly smaller with respect to its counterpart deduced 
from observations. 

With regard to two-component models, DM halo concentration plays an im- 
portant role in the displacement of end-products. For each family of initial 
conditions, under the sole requirement of consisten cy, the end-produc ts yield 



Ak 3 < 0.2, again smaller than the observed range ([Nipoti et all l2002h . 



3.2 The role of weak-homology 



If the n-L correlation discussed in section 2.5 is real and physical, the lumi- 
nosity profile of ETGs varies according to their size: larger galaxies are more 
centrally concentrated than smaller ones. In other words, ETGs are not ho- 
mologous stellar systems, and one of the key assumptions in the interpretation 
of the FP, i.e. the structural homology, no longer appears to be true. 



Bertin et all (|2002l) studied a small set of objects characterized by photometric 



profiles that deviate significantly from the standard lq law. They argued that 
ETGs might be considered as weakly homologous systems, on the basis of the 
observed deviations from the lq law and the existence of a n-L correlation. 
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The normalized mass-luminosity ratio, T*/Ky, no matter how complex the 
galaxy structure is, turns out to be a well defined function of any two of the 
observables (L, r e , a Q ). The substitution of the empirical K\-k% relation into 
Eq. (14) allows the following expression: 



T 

w 



oc r, 



(2-10S 



e 



V 



>+A)/A L (5B'-A)]/A ^ ( lg ) 



in terms of r e and L, where A and —2.5B' = B are the FP coefficients ap- 
pearing in Eq.(l). Equivalent expressions in terms of r e and a Q , or L and cr , 
could also be derived. 

Accordingly, while the whole set of stellar systems described by Eq.(14) are 
in virial equilibrium, only the subset for which T*/Ky scales according to 
Eq.(16) are placed on the FP. Since the exponent of r e is very small (~ 0.04 in 
the B-band), the restriction, 2 — 10-B' + A = 0, allows to explore two different 
extreme cases, namely (i) strict homology (i.e. Ky identical for all galaxies), 
which implies Y* oc L s , where 5 = (2 — A)/2A ~ 0.30 ±0.064; and (ii) constant 
Y* and weak homology, which implies Ky is a well defined function of r e and 
L (K v oc L- 5 ). 

The latter alternative seems to be qualitatively encouraged by observations; in 
fact the observed excursion, 1 < n < 10, is consistent with the desired range 
of Ky. However, a fine-tuning problem remains for changes in Ky. 

In conclusion the ranges of variations in T* and n at fixed galaxy luminos- 
ity, can be substantial and consistent with an arbitrarily thin FP, but the 
involved fine-tuning requires a T^-n conspiracy, in the sense that changes in 
T * are compensated b y special changes in n and vice versa. In the conclusions 
of Bert in et al. ( 20021 ). neither strict homology nor weak homology scenario 



explain the observed FP in a satisfactory and conclusive way. 



According to recent investigations (|Truiillo et all 120041 ). the FP tilt is due for 



about three fourths to structural non homology and for about one fourth to 
stellar population effects. In the conclusions of the authors, even very massive 
ETGs are strongly dominated by DM in their inner regions. 

Questioning whether the central velocity dispers ion accurately represents the 



kinetic energy of a galaxy, iBusarello et al.l (|l997l ) suggested that the contribu- 



tion of rotation to total kinetic energy in ETGs is not negligible, and rotation 
is not correlated to velocity dispersion. In the finding of the authors, the ki- 
netic energy of random motions is proportional to a^ 6 instead of a 2 Q1 and the 
shapes of velocity dispersion profiles show a definite trend, where the larger 
gradient is related to the larger a Q . 
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The above mentioned result seems to favor a dissipative scenario for the forma- 
tion of ETGs, in which "hotter" systems underwent more effective cooling. In 
this view, most of the FP tilt (~ 55%) seems to arise from a sort of dynamical 
non-homology of the systems, i.e. systematic changes of the relations between 
observed "local" quantities used to define the FP, and physical "global" quan- 
tities appearing in the formulation of the virial theorem. 



3. 3 The role of IMF and SF 



As shown above, if ETGs are homologous and isotropic systems, the FP tilt 
may simply be attributed to variations of M/L ratio with mass, due to dif- 
ferences in stellar content and IMF. Since current semi-analytical models of 
ETGs, based on supernova-driven galactic w inds and the usual r ecipes for the 
IMF, are still unable to explain the FP tilt, IChiosi et al. (1998) explored the 
idea of an IMF varying with the physical conditions of the interstellar medium. 
The related model seems able to explain the tilt, leaving aside additional ef- 
fects. 



An alternative viable explanation, investigated by Chiosi and Carrarol ( 20021 ) 



is a SF which depends on the mass of the system, where SF starts later (or 
has a longer duration) in low-mass galaxies, allowing significant variations in 
mean stellar age with respect to high-mass galaxies. 

By exploring the possibility of a systematic change of IMF along the FP, an 
acceptable explanation of the FP tilt has been found, prov ided a substantial 
variation of the IMF is allowed ( Renzini and Ciotti . 1993| ). In addition, the 



constant thickness of the plane induces unreliable small dispersions in IMF. 
Let us define a power-law IMF: 

<f>(Mi) cc L B M~ {l+x) ■ (17) 
where Lb is the total luminosity in B-band. Accordingly, the M/L ratio is: 



100 



2.9 / M ; M, " ' (IM, ; (18) 

M inf 

where M in f and 100 are the lower and upper stellar mass limit in solar units, 
respectively. Two cases were considered in the above mentioned paper, namely 
constant and variable power-law IMF exponent, x. In the former alternative, 
the tilt can be reproduced at the price of an unreasonably high lower stellar 
mass limit, M in f. In the latter alternative, a variation of at least < x < 1.7 
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is needed. Since M/L has a non linear dependence on x, one would expect a 
larger dispersion in Mj L for increasing x, something like a cone shape distri- 
bution along the FP, which is not observed. 



By considering synthetic stellar Mj L ratios for single burst stellar populations 
(in different pho tometric bands as functions of age and chemical composition), 
Maraston (1999) explored the dependence of M/L on IMF slope. An impor- 



tant effect on metallicity results: Mj L increases as metallicity increases. This 
pattern is evident in U band but disappears in the near-IR. In author's con- 
clusion, if less bright ETGs exhibit [Fe/H]~ —0.3, then metallicity explains 
approximately 68% of the observed tilt. It is clear, however, that the above 
mentioned effect has no influence on near-IR passbands, and a different inter- 
pretation is needed to explain the tilt to this respect. 



3.4 The role of Dark Matter 



The role of DM on the FP tilt has been investigated bv lCiotti et al. I (|l996h . The 



investigation tried two different approaches, one ascribing the tilt to a trend in 
the dark-to-bright mass ratio, m = M^/Mb, at constant j3' = (^o)d/(^o)b, and 
the other vice versa. Considering different combinations of empirical profiles 
representing D and B components, both approaches succeed in explaining the 
tilt, but a fine tuning is again necessary to reproduce a very small scatter 
in the FP. The latter alternative is preferred, being ETGs characterized by 
high surface brightness and stellar density in presence of low effective radii, 
at the faint end of the FP. Then the above mentioned galaxies show a larger 
concentration in B component with respect to D component, while the effect 
is reduced in their counterparts lying on the other end of the FP. 



Study ing the origin of the small scatter of ETGs around the FP lBorriello et al. 
(2002) claimed that inside r e , luminous matter must largely dominate over DM 
halo in order to keep objects close enough to the FP. In particular, cuspy DM 
distributions, as predicted by numerical simulations in ACDM cosmologies, 
seem to be in contradiction with the existence of the FP (see section 3.6). The 
structural properties of dark and luminous matter are interwoven i such a way 
to produce a curved surface in the space (log<r , logr e , logL), instead of a 
plane. In order to maintain a small scatter in the FP, it is needed either unac- 
ceptably low, total dark-to-luminous mass ratios, or DM halo concentrations 
within the range, 5 -j- 9, below values related to current predictions. In addi- 
tion to spiral and dwarf galaxies, cored DM halos where density decreases as 
r~ 3 at larger radii, are found to be surprisingly successful in explaining ETGs 
structure, pointing to an intriguing homogeneous scenario of galaxy formation 
for all morphological types. 
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3. 5 The role of Clausius ' virial maximum 



In a series of paper s (|Seccol .EoOO. 200ll lMarmo and Seccol . 120031 : ISecco and Valentinuzzil . 
20041: ISeccol . 120051 ) the role of the Clausius' potential energy is taken into ac- 



count within the framework of a dynamical explanation to the FP. The analysis 
has been carried out by the powerful tool of te nsor virial theorem ((Limber , 
1959; Spi tzerl . ll96£ ilBinnev and Tremainel.ll 9 8 7l). extended to two-component 
systems fe.g. JChandrasekharl. Il969l: iBrosche et al. , 19831: Caimmi et all 1984 : 
Caimmi and SeccoT 19921 : iDantas et a" , 200dlCaimmi . l2004h . Two-component 
models characterized by different power-law density profiles involving homo- 
geneous cores, have been used for similar and similarly placed spheroids. The 
outputs of this kind of models were summarized and compared with some 
observable scaling relations for pressure-supported ellipticals and, in general, 
for two-component virialized systems. 



In this framework, a special (virialized) configuration is identified, and its 
occurrence is interpreted as a physical reason for the existence of a FP for 
ETGs. Clausius' virial energy is maximized by the configuration under discus- 
sion, and the related radius (tidal radius) is claimed by the authors to work 
as a scale length induced by the tidal action of D on B. The above mentioned 
choice makes a further constraint among physical parameters, and allows to 
reproduce the exponents, A and B, of the FP. In addition, the tilt (at — 0.2) 
comes from the (I) e -r e relation linked to a fixed cosmological scenario, instead 
of different amount of DM from galaxy to galaxy or breaking the strict ho- 
mology. For assigned values of B and D mass, the special configuration allows 
two-dimensionality scale relations for each of the three quantities: cr , (I) e , fe- 
lt is worth of note that the occurrence of a maximum in the Clausius' virial 
is not an universal property of two-component systems, but depends on mass 
ratio and density profile. Using the model discussed above, the best fit to the 
FP takes place for a D to B subsystem total mass ratio of about ten. If much 
lower values were established or deduced from observations, the related model 
would provide no viable interpretation to the FP. 



From the analysis of the dynamic and thermodynamic properties, the au- 
thors deduce that the above defined tidal radius works as a confinement for 
the stellar subsystem, similarl y to the tidal radiu s induced on globular clus- 
ters by the hosting galaxy, as Ivon Hoerner (1958) found for the Milky Way. 
The new result appears as a general extension of the old one to the case of 
concentric structures. It could add further insight to the fact, that different 
kinds of astrophysical objects, with a completely different formation history, 
but subjected to a tid al potential - and then characterized by a tida l radiu s 
- lie on the same FP ()Diorgovskil . Il99,4 iBurstein et all . Il997l : ISeccol . l2003h . 
It should be noted that a tidal radius induced by a tidal potential appears 
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to the authors very similar to the truncation, which King ( 1966j ) introduced 
ad hoc in his primordial models for ellipticals, extrapolating known data for 
globular clusters. In addition, the exponents, A and B, and the parameter, 
at, related to the FP, are found to depend only on the inner, universal DM 
distribution, implying that other families of galaxies or, in general, astrophys- 
ical virialized objects, necessa rily belong to a simil ar FP (as observed in the 



cosmic meta-plane defined by iBurstein et all Il997l ) 



The problem of extending the results from power-law to Izhaol (|l996l ) density 
profiles, which provide a closer fit to elliptical galaxies, is also taken into 
consideration. 



The dynamical approach outli ned above diversi f ies fr o m some other appar- 
ently similar approaches (e.g., Lima Neto et al. . 19991: Marquez et al. . 2000, 
2001). In the latter, the stationarity of stellar "gas" entropy is assumed in 
a pragmatic way without trying a derivation from first principles. With re- 
gard to the former, the DM presence is fundamental on two respects. First, 
it provides a real scale length to the gravitational field induced by the stellar 
subsystem. Second, it makes possible to deduce, on the basis of mechanical 
and thermodynamical main principles, how the above mentioned scale length 
maximizes the entropy of the stellar subsystem. 



3.6 The cusp / core problem 



Last but not least, the problem we wish to address concerns the connection be- 
tween a dynamical explanation to the FP and DM distribution within the inner 
part of halos (e.g., the effective radius r e ), where most of baryons are located. 
Current, high- resolution, collisionless numerical simulations both in standard 
CDM and concordance ACDM cosmological models, yield a general consensus 
about a cuspy density halo profile (at the smallest radii probed by simula- 
tions) i.e. p(r) ~ r~ a4nt , where aw is close to uni ty. To this respect a num- 



(e.g. ; 



Subramanian et al. . 2000t 



ber of discrepancies have been found ow < 1 v • >-,.. .,...,„,„.,.,,....,„., . . ...... 

Tavlor and Navarrol 12001 L Ricottil 20031 ) , and a int = 1.5 (e.g..lFukushige and Makinol . 
1997ll200lUMoore et al!ll998lll999l|. On the other hand. lHavashi et all (|2004l ~ 
Navarro et al.l ( 2004 ) : IPower et al.l ( 20031 ) . concluded, by using a suite of high 
resolution simulations, that a« n t = 1 remains consistent with simulated halo 
shapes (they found mean values ow = [1.1; 1.2; 1.35] respectively), while th ey 
claim that cusps as steep as ow = 1.5 are ruled out (jSpekkens et al. . 120051 ) . 



On the other han d, many ob s ervati ons, by gravitational lensing for galaxy 



cluster sca le fe.g.. ISand et all l2004f) . and long-slit spectra for dwarf galaxy 



scale (e.g., Spekkens et alll2005l). sug gest that real halos exhibit cores instead 



of cusps. In particular. ISaluccil ( 200ll ) concludes that halos have cores larger 
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than the corresponding disk scale lengths, from a robust analysis of 137 disk- 
dominated galaxies. 



The related, apparent contradiction makes the so called cusp/core problem. 
A brief, good review on these topics may be found in the introduction of 



Spekkens et al 



(2005). The results of the theoretical approach presented i n 
the previous section do not agree with the conclusions of lHavashi et al.l ((2004); 
Navarro et al. ( 2004 ): Power et al. ( 2003| ). but are consistent with the obser- 



vations, which are seriously challenging the cuspy profile. 



A recent investigation ((Navarro et all 120041 1 exploits the possibility of a den- 
sity profile where the logarithmic slope decreases inward gradually until a 
minimum value is attain ed at the center. Acc ordingly, DM halos can be inter- 



preted as Sersic models ( Merritt et al. . 20051 ) 



An other enhancement to this respect comes from the papers of Garridol (2003) 
and lGarrido et al.l ()2004h . Using high-resolution rotation curves of spiral galax- 
ies obtained by Fabry-Perot spectroscopy, and modeling DM halos using Zhao 
density profiles, the authors have shown a very strict limit for t he inn er slope, 
7 < 0.8. Further analysis on the fit parameters of Garrido (2003) sample 
from a physical point of view, shows that two-component models where DM 
halos with different y are se l ected, remain consistent with both CDM and 
ACDM cosmologies ([Bindoml 120051) . P relim inary conclusions for the sample 
considered above, agree with ISaluccil ([20011 ) results (a int < 1, till the disk 
scale length). It should be noted that the order of resolution ranges from hun- 
dredths to thousandths of DM virial radius, both for observations and the 
corresponding fit models, which results to be comparable to, or better than, 
the best resolved simulations. On the basis of pure theoretical grounds (the 
Jeans' e quation together wi t h reas onable assumptions on the gravitational po- 
tential) , EhcklandHoeE (|2003l ). claim that asymptotic inner slopes of DM 
halos cannot lie outside the range, < 7 < 0.5. The debate is still open, and 
further research is needed on this subject. 



4 Conclusions 



We have reviewed some of the more relevant observational investigations on 
the FP, and summarized the most important theoretical attempts to explain 
its tilt and tightness by means of velocity anisotropy, DM fraction, homology, 
and IMF. None of the above mentioned mechanisms, by itself, is currently able 
to provide a complete explanation of the observed properties of the FP. 

We have shown that starting from the tensor virial theorem extended to a two- 
component model for ETGs, more insight on the problem can be gained. If a 
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maximum of Clausius' virial energy is really the key for a dynamic explanation 
of FP, it appears surprising how the corresponding special configuration links 
together many of the involved parameters, in such a way that the basic two- 
dimensionality of the manifold of ETGs is ensured. The main observables r e , 
(I) e , and (T , appear to depend on cosmology via 7' (a quantity related to the 
local slope of the mass variance) implying the projections of the FP (e.g. FJ, 
KR) also depend on it. Nevertheless, the FP equation is found to degenerate 
with respect to 7'. 

The debate on the origin of the FP is still currently open, but interesting de- 
velopments are to be expected as soon as larger field surveys will be available 
in the near future. 
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